The reduction of titania-ferrous ore (ironsand) containing 57.2 wt% of iron and 7-8 wt% of TiO 2 was investigated in non-isothermal and isothermal reduction experiments using CO-CO 2 -Ar gas mixtures in a laboratory fixed bed reactor. Samples in the course of reduction were characterised using XRD, EPMA and SEM.
Introduction
Titanium-containing iron ores, which are found throughout the world in large deposits, are becoming alternative sources of iron. [1] [2] [3] [4] Conventional processing of this ore (ironsand) includes carbothermic reduction of iron oxides in a rotary-kiln. However, solid state carbothermic reduction is relatively slow, has high-energy consumption, and a narrow range of operating temperatures. 5, 6) This stimulates research into gaseous reduction of titania-ferrous ores.
Reduction of ironsand by carbon monoxide was studied from early 1970's. 4, 7, 8) ) distribution in a TTM lattice depends on the composition of titanium and temperature. [9] [10] [11] [12] [13] [14] Fe 3 O 4 -Fe 2 TiO 4 system is characterised by the miscibility gap between magnetite and ulvospinel. [15] [16] [17] Partial oxidation of TTM can form rhombohedral titanohematite (TTH, Fe 2Ϫy Ti y O 3 ), 9, 10, [18] [19] [20] [21] which has a low solubility in TTM. 10) Formation of this phase by the oxidation of TTM is called exsolution. It occurs via migration of cations, resulting in enrichment of titanium. 20, 21) It was established that the gaseous reduction of TTM ironsand is much slower than that of hematite and magnetite iron ores. 3, 4, 7, 8) The complete reduction of iron oxides in ironsand by carbon monoxide requires temperature above 1 273 K and high reducing potential. 4, 7, 8) Understanding of limitations in the reduction of titania-ferrous ore requires detail investigation of TTM structure and phase transformation in the course of reduction. This paper presents results of reduction of titania-ferrous ore (New Zealand sand) by carbon monoxide in comparison with hematite iron ore and magnetite, and examination of ores phase composition and morphology.
Experimental
Chemical compositions of ironsand and hematite iron ore examined in this paper are presented in Table 1 . The oxygen associated with iron in the form of FeO and Fe 3 O 4 was calculated using the composition of ironsand given in Table  1 ). The calculated oxygen content was 21.1 wt%. The ores particle size was in the range of 125-212 mm. The surface area was 1.2 m 2 /g for the ironsand, and 1.6 m 2 /g for the hematite iron ore. The mass of an ore sample in each experiment was 2 grams.
Ore reduction using CO-CO 2 -Ar gas mixture was studied in a laboratory fixed bed reactor in a vertical tube electric furnace. Experimental set-up and reactor schematic are shown in Fig. 1 . After a sample was put into the reactor, the reactor was purged with argon. Then the reactor was moved to the hot zone of the furnace. A sample was heated up to required temperature in argon atmosphere. Then the reducing gas mixture was introduced to the reactor. After certain reaction time, the reactor was pulled off from the hot zone of the furnace and quenched.
In non-isothermal experiments, a sample was heated in the reactor from 200 to 1 373 K with the rate of 100 K/h, and then kept at 1 373 K until the completion of the reduction. CO-CO 2 -Ar gas mixture was prepared from highly purified argon, carbon monoxide and chemically pure carbon dioxide using mass flow controllers. The gases were purified before mixing by passing through traps filled with Drierite and 4A molecular sieve to remove moisture. The inlet gas flow rate was maintained at 800 ml/min. The reducing gas was introduced into the reactor from the top and left the reactor through a porous plug at the bottom. The outlet gas was analysed on-line by mass spectrometer.
Samples reduced to different extent were analysed by XRD and microprobe spectrometer (EPMA, Cameca SX-50 Probe). The morphology of samples was observed by Field Emission Scanning Electron Microscope (FESEM, HITACHI S-4500). The extent of reduction was calculated as a mass fraction of oxygen in iron oxides removed in the course of reduction.
Results and Discussion

Phase Characterisation of Ironsand
The XRD patterns of ironsand, hematite iron ore and magnetite obtained by partial reduction of the hematite iron ore are shown in Fig. 2 . The XRD pattern of ironsand included peaks for magnetite, hematite and traces of maghemite (g-Fe 2 O 3 ). The peaks of Ti-rich phases such as ulvospinel (Fe 2 TiO 4 ), ilmenite (FeTiO 3 ) and rutile (TiO 2 ) were not detected.
The EPMA analysis showed that the main phase of the New Zealand ironsand was homogeneous TTM. A small proportion of ironsand exhibited exsolution caused by partial oxidation (weathering) of TTM to TTH, which has the XRD pattern identical to hematite.
Homogeneous Titanomagnetite Particles
Particles with homogeneous TTM phase constituted the bulk of the ironsand. Quantitative elemental analysis across of such particles with a step of 1 micron is shown in Fig. 3 . The analysed elements were Fe, Ti, Al, Mg, Si and O. Iron and titanium in the particle were distributed uniformly along the line of analysis with the average compositions of 32.8 at% Fe and 2.98 at% Ti. However, the concentrations of aluminium and magnesium fluctuated in the range of 0.88-8.13 at% for Al, and 0.64-4.26 at% for Mg. The fluctuations of the Al and Mg concentrations through the particle were independent of each other, and of the Fe and Ti concentrations. The amount of silicon in the TTM ironsand particle was at most 0.26 at% (0.16 wt%) along the analysed line, although the concentration of SiO 2 in the ironsand measured by chemical analysis was 2.17 wt%. Quantitative point analysis showed that silicon was present predominantly in silicate inclusions. The mapping images of Fe, Ti, Al and O in a representative homogeneous particle of the ironsand are presented in Fig. 4 . The ulvospinel fraction (x) in the homogeneous TTM solid solution, (Fe 3 O 4 ) 1Ϫx (Fe 2 TiO 4 ) x , was found to be 0.27Ϯ0.02. Aluminium and magnesium oxides were dispersed in the TTM matrix.
The average Fe/Ti atomic ratio of the analysed particle was 10.0 with a standard deviation less than 2.6 %. The ratio of oxygen (after subtracting oxygen in aluminium, magnesium and silicon oxides) to iron and titanium ([O]/[FeϩTi]) was calculated to be 1.48, which is higher than the expected value of 1.33 for the stoichiometric TTM. This discrepancy can be attributed to the residual minor oxides and low sensitivity of the EPMA for the light elements.
Non-homogeneous Particles
While the most particles of ironsand were homogeneous TTM, some particles showed a phase separation with a titanium-rich phase having a lamella structure with an angle between lamellas close to 60° (Fig. 5) . In literature, the phase separation in ironsand is assigned either to the miscibility gap between magnetite and ulvospinel [15] [16] [17] or to the exsolution between TTM and TTH. . On this basis the grey phase with lamella structure was identified as a titania-hematite solid solution. Therefore, results of this work support the mechanism of phase separation in ironsand, suggested in works, 10, 21) which includes partial oxidation of TTM to TTH at low temperatures and exsolution of these phases.
The ulvospinel-rich or magnetite-rich spinels were not found, although there is a miscibility gap between magnetite and ulvospinel with a consolute temperature between 696 and 896 K. 15, 17, 22) 
Non-isothermal Reduction of Ironsand by Carbon
Monoxide Non-isothermal reduction experiments were undertaken to identify temperatures of phase transformation in the course of reduction.
Samples of ironsand were reduced by 75vol%CO-25vol%Ar gas mixture. The rate and extent of reduction obtained using mass-spectrometric data are presented in Fig.  6 . Carbon deposition was quite marginal in non-isothermal experiments and had no effect on experimental results.
Reduction of ironsand started when the temperature reached 1 073 K. The maximum rate of the reduction appeared at about 1 293 K. The reduction came to the completion by the end of 2-h exposure at 1 373 K. The reduction rate was slow at low temperatures in the beginning of reduction due to relatively small reduction rate constant, and at high temperatures because of depletion of a sample with iron oxides. The highest reduction rate was at temperatures when both reduction rate constant and iron concentrations were high. Figure 7 presents the XRD spectra of samples quenched at different temperatures in the course of reduction. The XRD pattern of a sample heated to 773 K showed that titanium-containing maghemite (g-Fe 2 O 3 ) in the ironsand was reduced to TTM. However, this contributed little to the reduction, due to the small amount of the maghemite phase, and was, practically, invisible in the reduction curve. TTM exhibited high stability in the reducing atmosphere; its traces were observed up to 1 273 K. The formation of iron started at 1 073 K. Traces of ilmenite (FeTiO 3 ) were detected in the XRD pattern of a sample heated up to 1 173 K. The XRD spectra of a sample heated to 1 373 K and kept for 2 h at this temperature included peaks of metallic iron and traces of titanium oxides in the form of Ti 3 O 5 and TiO 2 . Amount of different individual titanium oxides was quite small, below the level reliably detected by the XRD analysis (3-5 wt%).
The amount of removed oxygen measured by mass spectrometer ( Fig. 6(b) ) was 22.5 % of the mass of a sample what was close to the amount of oxygen associated with iron oxides in the ironsand (see Table. 1).
On the basis of XRD analysis, the following reduction Wustite ("FeO" is non-stoichiometric iron oxide) and ulvospinel (Fe 2 TiO 4 ) were not detected by XRD in nonisothermal experiments, but were observed in the isothermal experiments (see below). This means that wustite and ulvospinel formed in the process of TTM reduction were quickly reduced further to metallic iron and ilmenite.
The overall reduction reaction of titano-magnetite was:
Further discussion of the ironsand reduction is presented in Sec. 3.4.
Isothermal Reduction of Ironsand by CO
3.3.1. Effect of Temperature Reduction of TTM ironsand by CO was studied in the relatively narrow temperature range from 1 273 to 1 373 K. In long isothermal experiments below 1 273 K, carbon deposition by the reaction 2COϭCϩCO 2 affected the reduction rate (first of all, by blocking an access of the reducing gas to ironsand). Carbon deposition under experimental conditions employed in this work, was not observed in isothermal experiments at 1 273 K and above. This is why the low temperature limit was 1 273 K. Above 1 373 K, lowmelting point slag formation in the ironsand hinders gassolid interface. 8) The reducing gas was 75vol%CO-25vol%Ar gas mixture. Reduction curves obtained at different temperatures are presented in Fig. 8 .
In the experimental temperature range, iron oxides in the ironsand were reduced completely to metallic iron. The extent of reduction of titanium oxide was not measurable. In the temperature range of 1 273 to 1 323 K, the rate of reduction increased with increasing temperature. Further increase in temperature to 1 373 K only slightly increased the reduction rate in the initial period.
Effect of Carbon Dioxide
Effect of CO 2 content on the reduction of TTM ironsand was studied using CO-CO 2 -25vol%Ar gas mixture at 1 373 K. The ratio of partial pressure of CO to the sum of partial pressures of CO and CO 2 , p CO /(p CO ϩp CO 2 ), was changed in the range of 0.60 to 1.0 at constant (p CO ϩp CO 2 ) value of 0.75 atm. The reduction curves are shown in Fig. 9 .
XRD patterns of samples quenched after reduction by gases containing different content of CO 2 are shown in Fig.  10 . Phases in samples of ironsand reduced by gas containing different CO 2 are presented in Table. Table 2 ).
To reduce wustite to metallic iron by CO at 1 373 K, the p CO /(p CO ϩp CO 2 ) ratio should be above 0.731 (calculated from the equilibrium constant of the reaction: Fe 0.947 OϩCOϭ0.947FeϩCO 2 , using data from Ref. 24) ). When p CO /(p CO ϩp CO 2 ) was 0.60, the reaction progressed only to "FeO"; the extent of reduction after 240 min was about 10 %. Wustite in samples reduced by gas with ratio of 0.8-0.81 indicates that equilibrium was not achieved. Equilibrium phases at these conditions are TTM and 25) It can be suggested that under close to equilibrium conditions (p CO /(p CO ϩp CO 2 )ϭ0.95-1.0), the reduction rate is chemically controlled and very sensitive to concentration of CO 2 in the reducing gas, as it affects strongly the rate of the reversed reaction.
When p CO /(p CO ϩp CO 2 ) was 0.965, the reduction extent after 120 min was 95 %. The complete reduction of iron oxides was achieved when p CO /(p CO ϩp CO 2 ) was higher than 0.98. Lower titanium oxides (Ti n O 2nϪ1 ) appeared in the XRD pattern of a sample reduced by the gas with p CO /(p CO ϩp CO 2 )ϭ0.99 with very low intensity. When p CO /(p CO ϩp CO 2 ) was 1.0, the XRD pattern was composed of a strong peak of metallic iron and weak peaks of TiO 2 , Ti 3 O 5 and Ti 2 O 3 . According to Jones, 26) titanium dioxide can be reduced by carbon monoxide at 1373 K by the reaction: Further reduction of titanium oxide to titanium oxycarbide (TiC x O 1Ϫx ), titanium carbide (TiC) or metallic titanium was not observed.
Results of reduction experiments and XRD analysis agree well with data obtained by EPMA. The atomic iron to titanium ratios, Fe/Ti, in samples reduced by gas of different composition determined by EPMA are presented in Figs. 11(a) to 11(i) . The change in the Fe/Ti ratio with in- creasing CO partial pressure shows that metallic iron migrated from TTM lattice with enrichment of TTM with titanium. Titanium-enriched TTM then transformed to ulvospinel, and further to ilmenite with the formation of metallic iron phase at the shell of a particle. The average Fe/Ti ratio in ironsand before reduction was about 10.0 (Fig. 11(a) ). When p CO /(p CO ϩp CO 2 ) of the reducing gas was in the range of 0.80 to 0.85 (Figs. 11(b) to  11(d) ), the Fe/Ti ratio in TTM decreased to about 3.0, while in metallic iron phase, the Fe/Ti ratio was higher than 50. When p CO /(p CO ϩp CO 2 ) was 0.875 ( Fig. 11(e) ), the formation of ulvospinel phase, where Fe/Ti ratio is 2.0, was observed in the core of the analysed particle. The XRD pattern of a sample reduced by gas with p CO /(p CO ϩp CO 2 )ϭ 0.875 ( Fig.  10(a) ) also showed trace of ulvospinel. The extent of reduction after 120 min was about 85 %, which is consistent with the reduction of TTM to iron and ulvospinel. Ulvospinel had a narrow stable zone in CO-CO 2 atmosphere transforming to metallic iron and ilmenite by small increase in CO partial pressure to p CO /(p CO ϩp CO 2 ) of 0.90 (Fig. 11(f) ). Figure 12 shows the elemental mapping of a particle in a sample reduced by 75vol%CO-25vol%Ar gas mixture at 1 373 K for 60 min. Fine titanium oxide was uniformly dispersed in the metallic iron; the segregation of titanium oxide with the size of 5 micron was also observed.
Progress of Ironsand Reduction by CO-Ar Gas
Mixture XRD spectra of samples taken in the progress of reduction at 1 373 K by 75vol%CO-25vol%Ar gas mixture are presented in Fig. 13 . When a sample was exposed to the reducing gas for 5 min, the reduction extent reached 25 %; TTM was partly reduced to wustite and further to metallic iron. After 15 min, the reduction extent was 82 % and the peak of metallic iron became dominant in the XRD pattern. The wustite peaks became very weak and formation of ilmenite was detected.
As shown in Fig. 13 , wustite was the second largest phase in a sample after 5 min reaction, and it was reduced to a marginal amount after 15 min reaction. This pattern is different from the non-isothermal reduction, in which TTM started to reduce to metallic iron at 1 073 K. At 1 073-1173 K, the rate of wustite formation was presumably slower than the rate of wustite reduction to metallic iron, what made the wustite phase invisible.
In isothermal experiment at 1 373 K, formation of wustite in the beginning of reduction at 1 373 K was faster than its reduction to metallic iron, although the reduction of wustite was also fast and completed in about 15 min. Wustite peaks were not observed after 30 min of reduction. However, unreduced TTM phase remained. This can be interpreted as a result of slower reduction of TTM to wustite relatively reduction of wustite to metallic iron by the end of reduction.
After 30 min, when 95 % of reduction was achieved, ilmenite was reduced to metallic iron and rutile. Rutile was reduced further to titanium suboxides after 60 min of reduction (the reduction extent was 99.5 %). The final sample, after 90 min of reduction, was composed of metallic iron and titanium oxides, TiO 2 , Ti 3 O 5 and Ti 2 O 3 .
Morphology
Morphology of particles in the progress of ironsand reduction by 75vol%CO-25vol%Ar gas mixture at 1 373 K was examined by SEM. As shown in Sec. 3.1, there are two distinguished types of particles in the ironsand, (1) homogeneous TTM, which is the major type, and (2) non-homogeneous particles, which contain TTH and TTM. Figs. 14 and 15 present the morphology changes during the reduction process.
Homogeneous particles were generally reduced topochemically. The metallic iron started to form at the particle shell, what was accompanied by crackling of the particle surface ( Fig. 14(c) , 5 min of reduction), and proceeded to the core of a particle (Fig. 14(d), 15 min of reduction) . The homogeneous particles were about fully reduced in less than 30 min, which was consistent with the reduction curves, as these particles represent the majority of the ironsand. The microstructure of a particle reduced for 60 min (Fig. 14(h) ), when the reduction extent was above 99 %, showed fine oxide phases (grey-coloured) dispersed in the metallic iron. The metallic iron was also very fine.
The morphology change during the reduction of non-homogeneous particles was different from that of homogeneous particles. The reduction of non-homogeneous particles started with TTH phase, which has a lamellar structure (Fig. 15(a) ) and proceeded much faster. Metallic iron was formed in 3 min of reduction of TTH (TTH (Fig. 15(b) ), while TTM remained unreduced. The most of non-homogeneous particles were fully reduced to metallic iron in 15 min (Fig. 15(e) ). The metallic iron was then coarsened and sintered (Figs. 15(f) to 15(h) ).
While there was no significant structural change in the reduction of homogeneous TTM particles, the reduction of TTH in non-homogeneous particles included transformation of rhombohedral phase to cubic phase in the beginning of the reduction, which opens the particle structure (Figs. 15(b) to 15(e)), resulting in acceleration of nucleation and growth of metallic iron, and facilitates further reduction of TTM phase.
Ironsand Reduction in Comparison with Reduction
of Hematite Iron Ore and Magnetite Reduction curves for ironsand, hematite iron ore and magnetite are shown in Fig. 16 . Reduction of hematite iron ore was the fastest and completed in less than 30 min. It is known that hematite iron ore is reduced faster than magnetite iron ore, due to increase in volume during the transformation of rhombohedral hematite to spinel cubic magnetite in the initial stage of hematite ore reduction. 27) Ironsand was reduced slower than magnetite iron ore. TTM and magnetite have the same crystal structure. The main difference between ironsand and magnetite is the presence of titanium in the lattice, which makes TTM thermodynamically more stable, as discussed below.
Reduction Sequence and Mechanism
On the basis of phase analysis and reduction behaviour, the following reduction sequence can be suggested at 1 373 K: The only phase, which was not detected in the reduction experiment, was ferrous pseudobrookite. 
